A novel D-p-A structure triphenylamine functionalized benzimidazole derivative TBM was designed and synthesized. It was found that the compound TBM exhibited typical aggregation-induced emission (AIE) characteristic. It was proved by the fact that the aggregates emitted strong yellow light in THF/water with high water fraction, while it was almost non-emissive in THF. More interestingly, the TBM showed multi-stimuli responsive fluorescent behaviors. First, TBM showed significant solvatochromic effect, with emission color tuning from green to orange by changing the solvent from nonpolar hexane to polar dimethyl sulfoxide. Second, TBM exhibited reversible mechanofluorochromism. The pristine crystal of TBM emitting yellow fluorescence could be transformed into powder emitting an orange emission upon grinding, and it could be restored when the ground powder were fumed with methanol vapor. XRD and DSC results demonstrated that the reversible mechanofluorochromism was due to the transformation between the crystalline and amorphous states, which could be ascribed to its different molecular stacking mode in the solid state. Finally, we found that the TBM revealed remarkable acid-induced fluorescence quenching effect in solution and film, and the emission of TBM in CHCl 3 could be quenched by trifluoroacetic acid (TFA) significantly. This work offered cyanostyrylbenzimidazole derivative that could be used as sensitive fluorescent indicator for mechanical sensors and organic acids.
Introduction
Luminescent organic compounds are highly desirable for the development of areas such as organic light-emitting diodes (OLEDs), bio-sensing, bio-imaging, chemosensors and mechano-sensors.
1 In particular, mechanouorochromic (MFC) materials exhibiting switchable colors in response to external mechanical stimuli (grinding, rubbing or crushing) are attracting substantial attention due to their potential applications in the elds of mechano-sensors, optical recording, security papers, optoelectronic devices and data storage.
2,3 A uorescence color change indicates a control of reversible conversion of molecular packing because solid-state optical properties strongly depend on molecular packing arrangements. 4, 5 High solid-state uorescence efficiency plays an important role in the applications of MFC materials. However, conventional organic compounds are usually weakly emissive or even non-emissive in the solid state through the aggregation caused quenching (ACQ) effect. 6 Consequently, the MFC phenomenon becomes difficult to observe. In 2001, Tang's group reported aggregation-induced emission (AIE) materials, an important kind of anti-ACQ materials that exhibited strong emission in poor solvents or in the solid state. 7 Till now, more number of AIE-active materials has been reported in many literatures. It is fascinating that some MFC luminogens are AIE active. For example, tetraphenylethylene derivatives are a typical kind of MFC materials with AIE as reported by the groups of Tang, Chi, and others. [8] [9] [10] Boron diketonates/diiminates with AIE activities showing reversible mechanouorochromism was reported by Fraser's and Chujo's groups. 11 Yang and co-workers reported a novel class of AIE dyes based on 9,10-bis(arylvinyl) anthracene showed MFC behaviors.
12 Therefore, AIE has been considered a key for opening a treasure chest of potential MFC materials.
13
Currently, extended p-conjugated molecules with a D-p-A structure have attracted remarkable interest because of their exibility for creating organic emitters with tunable emission.
14
The cyano group, due to its strong electron withdrawing ability is an ideal candidate for an excellent acceptor featuring controllable photophysical properties. 15 Moreover, the cyanosubstituted derivatives due to large steric hindrance result in their twisted conformation. Therefore, they usually reveal weak emission or are non-emissive in solution and emit enhanced uorescence in the solid state. 16 Thus, ICT dyes with AIEactive materials are expected to become a foundation for MFC materials. In order to achieve novel smart materials with multi-stimuli responsive characteristics, we designed and synthesized a new D-p-A type triphenylamine modied benzimidazole derivative TBM (Scheme 1). The molecular design was based on the following points. First, the introduction of triphenylamine (TPA) was due to its strong electron-donating ability and propeller-shaped structural motif would prevent interaction and helpful for generating MFC behaviors. Second, cyanostyryl derivatives usually showed AIE characteristic with strong uorescence in the aggregated states or solid state. Third, N-phenylbenzimidazole was employed as acid-sensitive group on account of its alkalinity. Finally, the TPA was electron donor, and the D-p-A characteristic would change if the benzimidazole protonated with triuoroacetic acid (TFA). The photophysical properties of compound TBM were investigated. The TBM was weakly emissive in solutions whereas strong emission was observed in the aggregated state due to aggregation induced emission. Moreover, the target compound TBM was found to exhibit multi-stimuli responsive behaviors. First, due to its strong ICT characteristics, the compound TBM showed signicant solvatochromic effects. Second, TBM exhibited a change in uorescence color from yellow to orange aer grinding and could revert to the original state by treatment with solvent vapors. Third, we found that the compound TBM exhibited acidochromism, its uo-rescent emission could be quenched by TFA signicantly. Above results revealed that the compound TBM has potential applications in sensors and optoelectronic devices.
Experimental section

Materials and measurements
Absolute ethanol was distilled over magnesium and iodine. The other chemicals and reagents and solvents were used as received without further purication.
1 H NMR spectra and 13 C NMR spectra were carried out on a Bruker AMX-400 NMR spectrometer at 600 MHz and 150 MHz in DMSO-d 6 as the solvent at room temperature. HRMS analysis was carried out on an Agilent 6500 Q-TOF mass spectrometer (Version Q-TOF B.05.01). FT-IR spectra were measured with a Nicolet-360 FT-IR spectrometer by the incorporation of samples in KBr disks. The frontier orbital plots of the HOMO and LUMO of target compound were obtained by density functional theory (DFT) calculations at the B3LYP/6-31G level with the Gaussian 09W program package. The UV-vis absorption spectra were obtained on a Beijing purkinje TU-1810 Spectrophotometer. Fluorescence emission spectra were determined on a Shimadzu RF-5301 PC uorimeter. The uorescence quantum yields in different solvents were estimated by comparing to a standard (9,10-diphenylanthrance in benzene, F f ¼ 0.85). Powder X-ray diffraction (XRD) measurements were carried out with a Bruker Advance D8 X-ray diffractometer. DSC measurements were carried out using a Mettler Toledo 3 thermos system at a heating rate of 10 C min À1 under N 2 atmosphere.
Preparation of aggregates for AIE measurement
The THF/water mixtures with different water fractions were prepared by slowly adding distilled water into solutions of the target molecule in THF under sonication at room temperature, the concentration was maintained at 10 mM. The emission measurement of the resultant mixtures was performed immediately.
Preparation of the samples for mechanouorochromism study
The ground powder was obtained by grinding the pristine crystal with a pestle in the mortar. The fumed sample was prepared by fuming the ground powder with methanol vapor for 1 min.
Synthetic procedures and characterizations
Compound 1 and 2 were synthesized by the procedures reported previously.
imidazol-2-yl)acetonitrile (0.98 g, 4.2 mmol) and 4-(diphenylamino)benzaldehyde (1.15 g, 4.2 mmol) were dissolved in absolute ethanol (40 mL). The mixture was heated to reux for 1.5 h, and then a few drops of tetrabutylammonium hydroxide (TBAOH, 2 M solution in water) were added. Aer the mixture was further reuxed for 10 h, and then was cooled to room temperature, yellow solid was obtained aer ltration and washing by ethanol (3 Â 5 mL). The crude product was puried by column chromatogram (silica gel, petroleum ether/dichloromethane, v/v ¼ 1/5) to obtain TBM 1.40 g as yellow solid in a yield of 68%. Mp: 151 C (obtained from DSC (Fig. S12 †) . Results and discussion
Synthesis
The synthetic route for TBM is shown in Scheme 1. Firstly, compounds 4-(diphenylamino)benzaldehyde 1 and 2-(1-phenyl-1H-benzo[d]imidazol-2-yl)acetonitrile 2 were prepared according to the reported methods. The Knoevenagel condensation reaction between compound 1 and 2 in the presence of TBAOH afforded TBM in a yield of 68%. The target compound was characterized by 1 H NMR,
13
C NMR spectroscopy, FT-IR and high-resolution mass spectrometry (HRMS). In the FT-IR spectrum of TBM, the vibration absorption band appeared at ca. 982 cm
À1
, suggesting that C]C bond is in trans-form. Meanwhile, the peaks at 7.416 and 7.389 ppm in the 1 H NMR spectrum from the vinyl group protons had a large coupling constant of 16.2 Hz, indicating that the vinyl group had a transformation. 18 In addition, the target compound TBM showed good solubility in common solvent, including CH 2 Cl 2 , CHCl 3 , THF, DMF and DMSO.
Photophysical properties in solutions
The UV-vis absorption and uorescence emission spectra of TBM in different solvents (1.0 Â 10 À5 M) are shown in Fig. 1 , and the corresponding photophysical data are listed in Table S1 (ESI †). As shown in Fig. 1a , the absorption bands of TBM in dilute THF appeared at ca. 295 nm and ca. 404 nm. The absorption band at ca. 295 nm, which did not shi with increasing polarity of the solvent, could be originated from the p-p* transition. And the other strong absorption band at ca. 404 nm was derived from an intramolecular charge transfer (ICT) transition, which could be conrmed by the solventdependent emission spectra. The maximum absorption band of TBM was located at 397 nm in hexane, and red-shied gradually with increasing polarity of the solvent. It reached 416 nm in DMSO (Table S1 , ESI †). The solvent-dependent uorescence emission spectra of TBM in various solvent were shown in Fig. 1b , it was clear that with increasing the polarity of the solvent, the emission spectra of TBM red-shied signi-cantly and became broad, meanwhile, Stokes shi was also increased dramatically. For instance, TBM exhibited a strong emission band at 490 nm in hexane and its Stokes shi was 4781 cm À1 , and with increasing solvent polarity, its emission band and Stokes shi reached 560 nm and 6181 cm À1 in DMSO, respectively, accompanied by emission bands broaden. Therefore, the signicant red-shi of the emission band and the large Stokes shis in polar solvents compared with those in nonpolar solvents and solvent polarity demonstrated that an ICT characteristic for the excited state. 19 These results in the absorption and uorescence spectra imply that TBM is a typical D-p-A molecule and the absorption band around 400 nm is originated from ICT transition.
The uorescence quantum yield (F f ) in various solvents was measured using 9,10-diphenylanthracene in benzene (F f ¼ 0.85) as the standard (Table S1 , ESI †). It was found that TBM exhibited very low F f (<0.02) in the tested solvents with different polarity. The low F f value in solution might be ascribed to the presence of cyano group induced compound emitting weak uorescence.
Theoretical calculation
The ICT characteristic of the compound TBM is further supported by the density functional theory (DFT) calculations by Gaussian 09W program using the DFT/B3LYP/6-31G(d) method. The frontier orbital plots of the HOMO and LUMO are shown in Fig. 2 . It was found that the highest occupied molecular orbital (HOMO) of TBM was mainly localized on the electron-donor triphenylamine moiety, partially located on benzimidazole unit, whereas the lowest unoccupied molecular orbital (LUMO) was mainly distributed in the electron-acceptor of cyanostyryl moiety. Therefore, the spatial separation between the HOMO and the LUMO indicated a typical ICT characteristic in the molecule in accordance with spectroscopic results.
20 Additionally, it was found that the molecule TBM adopted twisted conformation at its optimized lowest energy states. Therefore, the moderately twisted skeleton disfavored close molecular packing in the solid state and this might endow TBM with both AIE-active and MFC behaviors.
Aggregation-induced emission investigation
The THF solution of TBM emitted weak uorescence, but the yellow crystal showed extremely strong uorescence under 365 nm illumination, which revealed that the compound TBM might be AIE molecule (Fig. S1 , ESI †). To further check the AIE behavior of the compound TBM, the uorescent emission spectra in the mixtures of THF and water with different volume contents of water (f w , the volume percentage of water in THF/ H 2 O mixture) were investigated. Small aggregates were prepared in THF by gradually increasing the water fraction. The different percentage of water fraction was required for compound TBM to initiate the AIE effect. As shown in Fig. 3 , in dilute THF solution, TBM exhibited green uorescence with the maximum wavelength at 520 nm, but the intensity was very weak and quantum yield (F f ) was only 0.4% (Table S1 , ESI †). When proper amount of water was added into THF solution, the emission peak initially decreased and showed a red shi due to the increase of the solvent polarity, which was ascribed to the ICT effect in polar solvent for TBM with a D-A structure. 21 Moreover, when f w was #70%, only weak emission peaks were observed, which was attributed to the solvating powers of the mixtures still genuinely dissolve the luminogenic molecules. When f w was above 80%, the emission was restored and the emission intensity of TBM began to increase rapidly. The absorption spectra suggested that TBM molecule started to aggregate while the fraction of water exceeds 80% (Fig. S2 , ESI †), indicating that emission enhancement was ascribed to molecular aggregation. 22 As f w was 90%, the corresponding uorescent intensity was enhanced by up to almost 5.2 times in comparison with that at f w ¼ 0%. The bright yellow green emitting (centered at 542 nm) could be ascribed to the formation of aggregates. Owing to the increasing polarity of the solvent mixtures, the emission exhibited a clear red-shied. These results indicated that cyano moiety with large steric hindrance could indeed help molecule to achieve AIE characteristic. 23 
Mechanourochromism in the solid state
The strong solid-state uorescence and the possibility of MFC properties encouraged us to study the MFC behaviors. In our previous study, we found that the propeller-shaped AIE luminophore with the ICT effect was a valuable strategy to design MFC materials.
24 Moreover, the result of previous quantum mechanical computation indicated that the cyano group could enhance the distortion degree of the molecule because of steric hindrance. Therefore, we can infer that the MFC behaviors of the compound TBM are related to its distortion degrees. Herein, we tried to investigate the MFC behaviors of the compound TBM and found that TBM showed different uorescence emitting behaviors upon the treatment of grinding and fuming. As shown in Fig. 4 , the pristine crystal of TBM emitted bright yellow uores-cence with emission peak at ca. 532 nm. Upon grinding using a mortar and pestle, the pristine crystal converted to orange uorescence and the emission peak red-shied to 549 nm. When the ground powder was fumed with methanol vapor for 1 min, the uorescence emission of the ground powder restored to its original state. If the fumed powder of TBM was reground, its emission red-shied to 550 nm again. This MFC conversion could be repeated many times without fatigue, as these stimuli did not cause any chemical change (Fig. S3, ESI †) . Thus, the MFC property of a compound can be signicantly improved simply by introducing a cyano group into its molecular structure.
To evaluate the difference of the solid-state uorescence behaviors between pristine crystal and amorphous states, the phase transition characteristics of TBM were investigated by powder X-ray diffraction (XRD) and differential scanning calorimetry (DSC). The XRD diffractograms of the pristine crystal exhibited intense and sharp reection peaks, indicative of their well-ordered crystalline natures. In contrast, aer grinding, the diffraction peaks disappeared and only a diffuse band was observed, which implied that grinding led to a crystalline to amorphous phase conversion of solids (Fig. 5) . Aer exposing the ground samples to methanol vapor, the sharp and intense diffraction peaks reappeared. Their reappearance demonstrated that the amorphous powder restored its pristine crystallinity upon solvent fumigation. Thus, the powder XRD results revealed that the MFC mechanism of TBM could be ascribed to a morphological transition between crystalline and amorphous states upon the ground/fumed process. Ground-induced structural transition character of TBM probably leaded to changes in packing, which allowed a more planar structure and perhaps better dipole-dipole intermolecular interactions, leading to a red shi of uorescence.
25
To further reveal the effect of heating on the MFC behaviors, the DSC curves of TBM in different solid state are shown in Fig. S4 (ESI †) . The DSC curves of the pristine crystal of TBM exhibited strong endothermic peak at 151 C, corresponding to its melting point, while other one broad exothermic transition peak appeared at 60 C in the ground powder of TBM, which could be ascribed to the cold-crystallization (crystallizing from glass state) of ground TBM powder upon annealing 26 and also conrmed that the amorphous state was a metastable state. As a result, we deduced that the emitting color changes were due to the transformation between the crystalline and amorphous state. In addition, TBM in pristine and ground conditions have an endothermic transition before the melting point, which could be attributed to a crystal phase transition. 27 However, the reason for TBM exhibiting this transition is still unclear, and this phenomenon requires further research.
Acidochromic properties in solution
Acidochromism is different from the mechanochromism which can be induced by the change in the electronic delocalization in a molecule by acidication. 28 Generally the molecules having nitrogen hetero atom are responsible for acidochromism because of the availability of the lone pair of electrons on the nitrogen to bind with protons. In order to achieve acidochromic properties in solution, we analyzed the proton sensing ability of the compound TBM, which was attributed to the terminal benzimidazole moiety that had a good capacity of combining with proton. The TBM exhibited yellow uorescence in CHCl 3 , when TFA was gradually added to the CHCl 3 solution, the solution by degrees converted into a dark red one (see insets of Fig. 6 ). In order to reveal the uorescent sensory mechanism of TBM towards TFA and investigate the possible acidochromic properties of TBM, the spectral response abilities of TBM towards TFA in CHCl 3 (2.5 Â 10 À5 M)
were investigated (Fig. 6 ). As shown in Fig. 6a , the absorption band at ca. 420 nm for TBM decreased gradually and a new absorption band located at ca. 482 nm emerged and increased gradually with increasing amounts of TFA. Moreover, the appearance of an isometric point at ca. 447 nm meant a new species was formed from TBM induced by TFA. We deduced that TBM was protonated by TFA. The protonated benzimidazole showed stronger electron withdrawing ability than benzimidazole, so that new absorption at low-energy region appeared.
29
Considering the new absorption at ca. 482 nm and the existence of one isometric point, TFA-protonated TBM in CHCl 3 formed the cation TBM-H + . The uorescence of TBM in CHCl 3 solution could respond to proton. The uorescent spectral changes of TBM in CHCl 3 solution towards TFA are shown in Fig. 6b . It was clear that the maximum emission band at ca. 533 nm for TBM in CHCl 3 solution decreased when TFA was added. The higher was the concentration of TFA, the higher was the uorescence quenching efficiency. The emission was quenched by 37% under additional 50 equiv. TFA, at which point the solution still emitted yellow uorescence (centered at ca. 539 nm). When 500 equiv. of TFA was added, the emission quenching efficiency reached 75%. Meanwhile, we could nd that the solution emitted a very weak red uorescence with new peak appearing at ca. 600 nm. The yellow uorescence of TBM could be quenched signicantly by TFA. Therefore, the protonated benzimidazole displayed stronger electron withdrawing ability, so that absorption band red-shied and the emission quenching happened on account of the occurrence of photo-induced electron transfer from triphenylamine unit to protonated benzimidazole. 30 The above results indicated that TBM solutions could respond to proton in terms of color and uorescence, and displayed signicant acidochromic behaviors, so the TBM solution could also detect TFA by naked eyes.
The interactions of the compound TBM with TFA were further comrmed by 1 H NMR spectral analysis in the absence and presence of TFA. As shown in Fig. S5 (ESI †), we found that the addition of TFA caused the signals to show an obvious downeld shi for protons, particularly at the benzimidazole ring. This result proved that the proton binding of TBM might be ascribed to protonation of the nitrogen atom in the benzimidazole unit to form a cation TBM-H + (Fig. S5, ESI †) , which reduced the electron density around all protons, enhanced the electron withdrawing ability of the benzimidazole moiety. The change in optical properties induced by TFA could be recovered by the addition of TEA (triethylamine) (Fig. S6 †) .
These changes were completely reversible on neutralization with TEA. This acidochromic behavior might be used for the development of uorescence probe for pH differences in biological and environmental media. Furthermore, Stern-Volmer plot for TBM towards TFA in CHCl 3 are shown in Fig. S7 (ESI †), the corresponding uorescence quenching data were calculated using the Stern-Volmer equation:
Where F 0 is the original emission intensity of probe prior to the addition of the quencher, F is the emission intensity at given concentration of the quencher [Q], and K sv is the Stern-Volmer constant. 31 The calculated K sv value of the aggregate of TBM towards TFA was 236 M À1 , suggesting interaction between the probes and TFA. The spectrophotometric pH titrations were carried out to examine the spectra changes. As shown in Fig. S8 (ESI †), when pH value decreased from 7.20 to 2.05, the absorption at 431 nm declined. While a new peak at ca. 500 nm increased gradually. Moreover, the appearance of an isosbestic point at 453 nm meant a new species was formed from TBM induced by acid. The emission spectra changes depicted the same protonation process. The TBM solution emitted strong uorescence at 544 nm. With continuous addition of acid, the uorescence emission was gradually quenched and red-shied to 555 nm. The higher was the concentration of acid, the higher was the emission quenching efficiency. The color of solution changed from light yellow to dark orange, indicating the ability of optical detection of H + ion. So benzimidazole derivatives are usually employed to modify the uorophore to develop intracellullar pH sensor. 32 For example, Gökhan et al. have reported 8-substituted benzimidazole-BODIPY pH sensor. 33 Li and coworkers have reported the benzimidazole derivatives could be used as an optical and "off-on" uorescent pH indicator. 34 The response of the lm based on TBM with strong emission to the volatile acid was expected. As shown in Fig. 7 , we found that the emission at ca. 562 nm of TBM-based lm decreased upon exposed to TFA vapor. The higher was the concentration of TFA, the higher was the uorescence quenching efficiency. When the concentration quenching of TFA vapor reached 651 ppm, the uorescence quenching efficiency of TBM-based lm reached 88%, and the lm with yellow emission became dark red under UV irradiation. Therefore, the lm based on TBM could be quenched by TFA vapor and used as uorescent sensory materials.
As a result, introducing cyanostyryl group and benzimidazole moiety endows the obtained molecule with multi-stimuli responsive properties. These results would provide a new strategy for better designing of multi-stimuli responsive materials with precise control over the optical and electronic behaviors for advanced applications.
Conclusions
In summary, we have synthesized new cyanostyrylbenzimidazole derivative TBM. It was found that the D-p-A type molecule gave ICT emission, which was affected by the substituents on the triphenylamine as well as on the cyano moiety. Although the emission of TBM in the solution was very weak, the aggregates emitted strong yellow light in the mixture THF/water with high water fraction due to AIE. Interestingly, the pristine crystal of TBM emitting strong yellow light under UV irradiation could be transferred into powder emitting orange luminescence aer grinding. Such mechanouorochromism was reversible upon the treatment of grinding and fuming. XRD and DSC analysis results demonstrated that the mechanouorochromism of TBM could be attributed to the transformation between the crystalline structure and amorphous state upon external stimuli. Moreover, TBM could be used as turn-off type uorescent sensory materials to detect TFA in solution and lm by naked eyes. These results obtained here can provide us with a new idea to open up new way of smart uorescent materials.
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